Hairy roots induced by infection with Agrobacterium rhizogenes are differentiated cells capable of the biosynthesis of secondary metabolites. [1] [2] [3] Hairy roots also have a high rate of proliferation. They are therefore expected to become widely used culture systems for the production of useful secondary metabolites 4) and for studies on the production of biologically active compounds and transformation of organic substrates. 5) We reported the production of a stress compound, umbelliferone, upon treatment of morning glory (Pharbitis nil) hairy roots with CuSO 4 and that umbelliferone was highly glucosylated to a glucoside, skimmin, by P. nil hairy roots. 6) We further reported the glucosylation of phenolic compounds, such as coumarin and flavone derivatives by the hairy roots.
Biotransformation of Benzaldehyde-Type and Acetophenone-Type Derivatives by Pharbitis nil Hairy Roots
The hairy roots had good ability to reduce a formyl group of benzaldehyde derivatives to a hydroxymethyl group. The glucosylation of phenolic hydroxyl groups of benzaldehyde derivatives and reduced benzyl alcohol derivatives was also easily carried out, but the primary alcoholic hydroxyl groups were only slightly glucosylated by the hairy roots. Thus, in the case of benzaldehyde with phenolic hydroxyl groups, the final main product is benzyl alcohol derivatives with O-b-Dglucopyranosyl groups at a phenolic hydroxyl group. But in the case of benzaldehyde derivatives lacking a phenolic hydroxyl group, the main product is a benzyl alcohol derivative with O-b-D-glucopyranosyl groups at the alcoholic hydroxyl groups. Transformation of benzaldehyde-type derivatives and isolation yields of products are shown in Fig. 1 .
Acetophenone Derivatives 4-Hydroxy-3-methoxyacetophenone (21) gave 22 (12 mg), 23 (3 mg), and 24 (3 mg). Acetophenone (25) gave 26 (9 mg) and 27 (5 mg). The spectral data of 22 showed that it is a monoglucoside of 21. Thus the structure of 22 was determined to be 4-hydroxy-3-methoxyacetophenone-4-O-b-D-glucopyranoside.
The 6, 77.7, 78.3, 103.9) . These data indicated that 23 was a dimeric glucoside derivative of 21. The coupling patterns of the aromatic H showed the presence of 1,2,4-trisubstituted and 1,2,3,5-tetrasubstituted benzene rings and a biphenyl ether structure. Dimeric and glucosylated positions of 23 were determined from the HMBC experiments of 23 (see Fig. 2 ). The structure of 23 was therefore determined to be 5,4Ј-diacetyl-3,2Ј-dimethoxy-2-b-Dglucopyranosyloxybiphenyl ether.
The Fig. 2 ). The structure of 24 was therefore determined to be 5,5Ј-diacetyl-3,3Ј-dimethoxy-2-b-D-glucopuranosyloxy-2Ј-hydroxybiphenyl.
The dimeric products 23 and 24 should be produced from 21 through a phenol oxidative coupling reaction 13) followed by glucosylation. The dimeric positions are consistent with a phenol oxidative coupling reaction. The phenol oxidative coupling reaction is important for the formation of some types of natural products, 14) such as lignins, lignans, tannins, stilbene polymers, etc. These reactions are catalyzed by oxidative enzymes, such as catalase, peroxidase, laccase, and tyrosinase, and some types of nonenzymatic oxidation. Compound 21 was not dimerized and recovered from the medium after incubation of 21 with the medium without the hairy (5) also changed the same as that of 3 (see Fig. 4 ). Glucosides, 2, 3, and 5 were not identified in the medium. These results indicate that the reduction of the formyl group and glucosylation at C-4 of 1 were carried out to give 4 and 2 first. O-Glucosylation of 4 and reduction of 2 continuously gave 3 as the main product. Some of 4 was glucosylated at C-7 to give 5. Aglycons 1 and 4 were transferred through the cell membrane but glucosides 2, 3, and 5 were not transferred through the cell membrane from the hairy roots to the medium. The reduction of a formyl group of 1 was carried out at the same level as glucosylation at C-4 of 1 (see Fig. 5 ). In the timecourse experiment, production of 4 was observed, but 4 could not be isolated from the incubation experiment on 1 because of overlaping with constituents of the hairy roots in a preparative TLC.
P. nil hairy roots showed not only a potent ability to glucosylate the phenolic hydroxyl group but also to reduce the formyl group on the aromatic ring along with an ability to glucosylate the alcoholic hydroxyl group at the benzyl position, methylation of the phenolic hydroxyl group, and an oxidative phenol coupling reaction. In the case of acetophenone, reduction of the carbonyl group and hydroxylation at the neighboring position of the acetyl group were observed. Of these various reactions in which the hairy roots were involved, glucosylation was especially interesting for the biotransformation of phenolic compounds to new types of glucosides. Isolation yields of the glucosides should be improved by optimization of the incubation conditions and isolation procedurs. The substrate specificity of the biotransformation of further phenolic compounds must be investigated for actual application. We are studying cloning of glucosyltransferase genes and their expression to clarify the substrate specificity of the enzyme. (5), and 1 in the medium (MD) and the hairy roots (HR) were determined. Glucosides, 2, 3, and 5, were not identified in the medium and 1 was not identified in the hairy roots on TLC detection. Trace 2 was identified in the medium 120 h after incubation. Reduction and glucosilation reactions of 1 were took place in similar level by incubation with the hairy roots. Aglycones 1 and 4 were transferred through the cell membrane but glucosides 2, 3, and 5 were not.
Experimental
General Experimental Procedures FAB-MS was measured on a JEOL JMS-AX505F mass spectrometer using m-nitrobenzyl alcohol as a matrix. Chemicals Vanillin was purchased from Kanto Chemical Co. isovanillin, vanillyl alcohol, isovanillyl alcohol, and salicylaldehyde were obtained from Aldrich Chemical. 3,4,5-Trimethoxybenzaldehyde, 3,4-dimethoxybenzaldehyde, acetophenone, and 4-hydroxy-3-methoxyacetophenone were purchased from Tokyo Kasei Kogyo Co.
Hairy Root Culture, Incubation of Substrates, and Purification of Products The induction of hairy roots of P. nil by inoculation of A. rhizogenes (MAFF 03-1725) was described in a previous paper.
6) The hairy roots were subcultured every 4 weeks in 1/2 MS medium, supplemented with 3% sucrose. A 100-mg aliquot of each substrate was incubated with the 3-weekold hairy root culture (five flasks including 200 ml of 1/2 MS medium and 20 mg of substrate/flask) for 5 d. After incubation, the culture medium was filtered to give the hairy roots and medium. The hairy roots were lyophilized, mashed, and extracted with boiling water. The extract was passed through a HP 20 (Mitsubishi Chemical) column, washed thoroughly with water, and eluted with MeOH to give a MeOH eluate. The MeOH eluate was analyzed using TLC and HPLC and purified by means of semipreparative HPLC and TLC to give glucosylated products.
The culture medium was passed through an HP 20 column, washed thoroughly with water, and eluted with MeOH to give the MeOH eluate. The MeOH eluate was analyzed for the presence of residual substrate and products.
Incubation of Vanillin (1)
The MeOH eluate from the hairy roots incubated with 100 mg of 1 gave pure products 2 (3 mg), 3 (25 mg), and 5 (8 mg Incubation of Vanillyl Alcohol (4) The MeOH eluate from the P. nil hairy roots incubated with 100 mg of 4 gave 3 (28 mg) and 5 (6 mg).
Incubation of Isovanillin (6) The MeOH eluate from the hairy roots incubated with 100 mg of 6 gave 7 (23 mg C-1), 147.9 (C-3), 150.1 (C-4) .
Incubation of Isovanillyl Alcohol (8)
The MeOH eluate from the P. nil hairy roots incubated with 100 mg of 8 gave 7 (28 mg) and 9 (5 mg 
